In this work, mesostructured KIL-2 silica materials were synthesized and functionalized by impregnation with two different amino sources, polyethylenimine (PEI) and Tetraethylenepentamine (TEPA), for their application to low temperature CO 2 capture. Infrared spectroscopy verified that amino groups were successfully incorporated on the surface of the silica support and within its interparticle porosity. N 2 sorption analysis of the synthesized silica materials showed a decrease in surface area and total pore volume as a result of the impregnation with the amine groups. The CO 2 capture capacity of prepared sorbents was evaluated by CO 2 adsorption/desorption isotherms at 25°C and 90°C. The highest sorption capacity was achieved at 90°C for KIL-2-TEPA material (4.35 mmol/g ads), which is significantly higher than values previously reported in the literature for similar type of disordered mesopore structure materials under similar conditions.
Introduction
One of the major concerns of most industrialised countries is climate change and global warming. As a result, new goals in order to reduce greenhouse emissions were established in the United Climate Change Conference, which was held in Paris in December 2015, pursuing efforts to limit the Earth's temperature increase to below 2°C. Anthropogenic generated CO 2 is considered one of the major greenhouse gasses responsible for global warming, primarily due to the combustion of fossil fuels for energy production, accounting for more than 65% of global CO 2 emissions. [1, 2] Hence, new technologies to produce clean energy as well as to reduce emissions from current energy production systems, mostly based in fossil fuels, need to be successfully developed and implemented. Therefore, significant efforts are underway to advance CO 2 capture and storage technologies (CCS) for the reduction of CO 2 into the atmosphere. [3] [4] [5] Chemical absorption processes such as those based on aqueous amines have been used in large scale industries since the 1930s for CO 2 capture. [6] However, due to their high corrosion issues as well as the elevated regeneration costs, the utilisation of solid CO 2 adsorbents is considered a promising alternative for capturing CO 2 . [7, 8] Solid adsorbents show attractive properties such as their potential utilisation at different temperatures, low energetic requirements for regeneration and large adsorption capacity. [9] Different porous materials have been widely described in literature for CO 2 capture (e.g. silica materials, carbonaceous materials, metal organic frameworks, amongst others). [10] [11] [12] [13] [14] Amongst them, mesoporous silica materials feature high surface area, thermal stability as well as large pore volume, which allow for amines group immobilisation, enhancing their CO 2 adsorption capacity at low temperatures. [15, 16] However, the pore volume decreases significantly after amine loadings ca. 50 wt% due to pore blockage which hinders CO 2 diffusion through the material, and therefore, limits the CO 2 interaction with inner amine groups, reducing the overall amine efficiency. In this regard, Son et al. [17] studied the behaviour of different mesoporous silica materials with different average pore size in the range of 2.8-6.5 nm after their amine functionalisation (polyethylenimine, -PEI-50 wt%). The results showed that materials with higher pore size were more efficient in CO 2 adsorption. Moreover, the capture efficiency was reported to be higher in materials with a connected pores network which could facilitate the diffusion and contact between CO 2 and the impregnated amine. Accordingly, mesoporous materials with connected wormhole framework and large pore volume are gaining a great deal of attention in the recent years. [18] [19] [20] [21] Different mesostructured materials, such as titanium oxide, [22] γ-alumina, [23] as well as organic polymers [24] have shown notable uptake capacity. Jiao et al. [25] investigated the effect of the ordered hexagonal framework structure of SBA-15, and disordered 3D wormhole structure of MSU-J on CO 2 capture capacity. The results indicated that MSU-J showed better performance in CO 2 uptake than SBA-15, which could be due to the higher pore volume and surface area at the same amine loading. In the light of these recent developments, a new family of mesostructured silica materials, namely KIL-2, has been identified as potential candidate for CO 2 capture due to their wormhole pore structure as well as their large pore volume. [26] This material showed outstanding results in heterogeneous catalysis after its functionalisation with different metal nanoparticles. [27] [28] [29] However, to the best of the authors' knowledge the utilisation of KIL-2 as CO 2 adsorbent has not been reported before. Accordingly, in this work, low temperature adsorbents based on silica material KIL-2 with interparticle mesoporosity and high thermal stability were functionalised with two different amine sources by the impregnation method. Materials performance for CO 2 capture was then evaluated at different temperatures.
Materials and methods

KIL-2 synthesis
Synthesis of mesostructured silica KIL-2 was carried out according to a two-step protocol, as previously reported. [26] Tetraethyl Ortosilicate (TEOS), triethanolamine (TEA) and tetraethylammonium hydroxide (20% TEAOH) were acquired from Sigma-Aldrich and used as received. A molar ratio of TEOS: 1, TEA: 0.5, TEAOH: 0.1 and H 2 O: 11 was used in the synthesis. Thus, the required mass of TEOS was mixed with TEA and stirred during 30 min to obtain a homogeneous solution. H 2 0 and TEAOH were then added to the mixture and stirred to obtain the homogeneous gel. Subsequently, the gel was dried in an oven at 50 °C overnight. In a second step, the dried gel was solvothermally treated in ethanol at 150 °C using a Teflon-lined stainless-steel autoclave during 48 h. The product was cooled down to room temperature and then filtered and washed with ethanol several times. The obtained yellowish powder was finally calcined at 600 °C for 10 h for template removal.
Amino-impregnation of synthesized KIL-2 materials
Amino-functionalisation of as-synthesized KIL-2 materials was carried out by a typical wetness impregnation method described elsewhere. [15] Two different amines were used: Polyethylenimine (PEI Mw=800, Sigma) and Tetraethylenepentamine (TEPA, Sigma). The amine source was mixed with methanol and stirred during 30 min. Then, KIL-2 was added to the solution in a theoretical weight ratio of 1:1 Amine/KIL-2 and stirred during 1 h. The mixture was then dried in an oven at 50 °C overnight to obtain the final amino-functionalised KIL-2 material. The synthesized materials were denoted as KIL-2-PEI and KIL-2-TEPA, indicating impregnation with PEI or TEPA, respectively.
Materials characterization and evaluation of CO 2 capture capacity
Nitrogen isotherms were carried out using an automated gas adsorption analyser ASAP 2020 (Micromeritics, Instrument Co) at 77 K. Prior to the analysis, samples were degassed at 110 °C during 2 h. BET surface area was obtained from the adsorption branch in the relative pressure range between 0.05 and 0.3. Pore size distribution was calculated by BJH method. Infrared analysis was performed using an ATR Smart DuraSampIIR equipment, and measured over the range 4000-400 cm -1 . To determine the CO 2 capture capacity of amino-KIL-2 materials, CO 2 adsorption-desorption isotherms were carried out at different temperatures (25 °C and 90 °C) and up to a bar with an IMI-HTP manometric sorption analyzer (Hiden Isochema, Inc.). The samples were outgassed at 110 °C overnight prior the measurements.
Results and discussion
Mesoporous silica materials KIL-2 with interparticle mesoporosity were synthesized by a two-step method, and subsequently impregnated using two different amine sources (PEI and TEPA) in a weight ratio of 1:1 amine:support. The textural parameters calculated from Nitrogen adsorption-desorption isotherms for KIL-2 materials are shown in Table 1 . The surface area of the material decreased after the amine impregnation as well as the pore volume (Table 1) . Likewise, the average pore size in the amine-functionalized materials is lower when compared with the nonfunctionalized support. This is due to the incorporation of amine groups into the pore structure, which is in good agreement with previously reported data in literature. [15, 25] The amino impregnation of KIL-2 material was confirmed by infrared spectroscopy (ATR). Figure 1 shows the acquired spectra of KIL-2-PEI and KIL-2-TEPA along with that of the initial mesoporous support. Different IR bands in the amino-impregnated materials at 3295 and 1597 cm -1 (NH stretching and bending vibrations), as well as at 2985, 2949 and 1479 cm -1 (CH stretching and bending vibrations from aliphatic carbon) indicate that KIL-2 has been successfully impregnated with the amino source. To determine the CO 2 capture capacity of amino-KIL-2 materials, CO 2 adsorption-desorption isotherms were carried out at 25°C and 90°C ( Figure 2 ) and up to 1 bar of pressure. Table 2 shows the CO 2 sorption capacities of amine-impregnated silica materials at 1 bar. Pristine KIL-2 material shows negligible CO 2 uptake regardless of the temperature of adsorption. On the other hand, the amino-modified silica matrices show significant enhancement of the CO 2 capture capacity at the two studied temperatures. At 25°C both modified samples show a very steep uptake at low pressures (up to 50 mbar) and reach almost full saturation at 1 bar, showing a capacity of 2.19 mmol CO 2 /g adsorbent and 3.37 mmol CO 2 /g for KIL-2-PEI and KIL-2-TEPA, respectively. The higher sorption capacity of KIL-2-TEPA sample can be related to the difference in the nitrogen content in the amino molecule utilized, which is higher in TEPA than in PEI. [30] Besides, PEI, which is bulkier than TEPA, can occupy more of the accessible pore volume, leading to lower specific surface area and lower CO 2 capture capacity. [31] At 90°C, sorption capacity is largely improved in both cases, with values at 1 bar of 3.59 and 4.35 mmol CO 2 /g ads for KIL-2-PEI and KIL-2-TEPA, respectively. Moreover, these values are significantly higher than those previously reported in literature for disordered mesopore structure materials in similar conditions (Table 2) . Table 2 . CO2 sorption capacities of amine-impregnated silica materials at 1 bar.
Improved sorption capacities of KIL-2-TEPA and KIL-2-PEI at higher temperature may be assigned to higher diffusion rate of CO 2 through the pore structure of the sorbent. KIL-2-TEPA shows a better adsorption capacity, which could be due to the lower viscosity of TEPA compared to PEI. [31] This fact along with a higher pore volume after impregnation (0.46 cm 3 /g) could facilitate the diffusion and contact between CO 2 and the amine groups localized in the pore structure. [17] 
Conclusions
A mesoporous silica matrix material, KIL-2, was modified with polyethylenimine (PEI) and tetraethylenepentamine (TEPA) and it was evaluated for capturing CO 2 at low temperatures (up to 90°C). The successful impregnation of both poly-functional amino-precursors was confirmed by N 2 sorption analysis and FT-IR spectroscopy. Both amino-modified samples showed significant improvement of CO 2 sorption capacity at 25°C when compared with the non-modified silica support, with strong binding of CO 2 with NH 2 groups. The CO 2 capture capacity, which seems to be strongly dependent on the size of the amino-precursors, can be further enhanced at higher temperatures. An uptake of 4.35 mmol of CO 2 per gram of adsorbent at 1 bar and 90°C for the KIL-2-TEPA sample indicates that the modification of foam-like silica matrix with poly-functional amines leads to the design of very efficient adsorbents for CO 2 
